Pack-TYPE transposons are a unique class of potentially mobile non-autonomous elements that can capture, merge and relocate fragments of chromosomal DNA. It has been postulated that their activity accelerates the evolution of host genes. However, this important presumption is based only on the sequences of currently inactive Pack-TYPE transposons and the acquisition of chromosomal DNA has not been recorded in real time. We have now for the first time witnessed the mobilization of novel Pack-TYPE elements related to the CACTA transposon family over several plant generations. Remarkably, these elements tend to insert into genes as closely spaced direct repeats and they frequently undergo incomplete excisions, resulting in the deletion of one of the end sequences. These properties constitute a mechanism of efficient acquisition of genic DNA residing between neighbouring Pack-TYPE transposons and its subsequent mobilization. Our work documents crucial steps in the formation in vivo of novel Pack-TYPE transposons and thus the mechanism of gene shuffling mediated by this type of mobile element.
most active, with an average 11.8-fold coverage increase ( Supplementary Table 2) . Surprisingly, the 27 second most active element, with a 6.2-fold increase, had an unusually complex structure of two 28 short terminal DNA stretches of 451 bp (AT4TE18505) and 337 bp (AT4TE18510) (annotated as a 29 member of the ATENSPM3 family of DNA transposons) separated by a sequence annotated as gene 30 AT4G07526 of unknown function ( Figure 1A) . The putative product of this gene showed no similarity 31 to any known transposase and the overall transposon structure, residing on chromosome 4, 32 resembled a non-autonomous Pack-TYPE element. 33 AT4TE18505 and AT4TE18510 contain TIRs beginning with 8 base pairs (CACTACAA) that are also a 34 feature of the CACTA1 autonomous transposon (Miura et al., 2001) , which is active in the epiRILs 35 (Supplementary Table 2 ). A blast search with 150 bp of both terminal 36 sequences identified nine additional elements in the Col-0 genome with similar structures and 37 CACTA1-like termini ( Figure 1B) . These included conserved terminal sequences of 26 bp ( Figure 1C ) 38 and a 3-bp target site duplication (TSD) ( Supplementary Table 3 ). Their 150-bp terminal sequence 39 identities ranged from 62 to 95.3% (Supplementary Table 4 ). Five of the elements shared related 40 DNA sequences located between the CACTA1-like termini, while the remaining five elements carried 41 sequences of different chromosomal origin ( Figure 1B and D) . Interestingly, not all of the captured 42 sequences displayed similarities to Arabidopsis genes ( Figure 1D ) and DNA sequence databases did 43 not reveal their origins. The TIR sub-terminal sequences of CACTA family transposons differ slightly 44 between the 5' and the 3' ends (Frey et al., 1990) . These differences were also present in the 45 possibly active Pack-TYPE elements ( Figure 1E ) we discovered. Therefore, we called this family CACTA, which in the Arabidopsis Col-0 accession consists of 10 TEs divided up, according to their 47 sequence similarities, into four groups ( Figure 1B) . 48
We found 50 new insertions of Pack-CACTA1a and 3 new insertions of Pack-CACTA2a in 8 and 3 49 epiRILs, respectively ( Supplementary Table 5 ). In line epi26, Pack-CACTA1a and Pack-CACTA2a 50 appeared mobile ( Supplementary Table 5 ). New transposed copies were found mostly within 51 euchromatic chromosomal regions (65%), resembling the insertion preference of CACTA1 52 ( Supplementary Figure 2A) . We validated new insertions of Pack-CACTA1a by locus-specific PCR, 53 choosing 11 random sites in epi26 and epi46 and two sites with Pack-CACTA2a insertions in epi14 54 and epi26 (Supplementary Figure 2B , C and Supplementary Table 6 ). Thus, both Pack-CACTA1a and 55
Pack-CACTA2a were currently transposing and generating TSD of three nucleotides (Supplementary 56 Data 1). 57
To better examine the timing and consequences of Pack-CACTA1a transposition, we characterized in 58 more detail five new insertion sites in 10 sibling plants each of epi26 and epi46 (Supplementary 59 Figure 3 A,B, C). We recorded the presence or the absence of Pack-CACTA1a in individual sibling 60 plants ( Supplementary Figure 3D , E). The results are consistent with genetic segregation due to the 61 initial hemizygosity of recent insertions and/or the frequent excision of newly inserted transposons 62 ( Figure 2A ). In the case of transposon excision, we expected footprints that would be absent in the 63 corresponding wild-type locus. In different epi26 sibling plants, we rescued sequences of both intact 64 target loci and those containing footprints of the transposon ( Figure 2B and Supplementary Data 2). 65
The results are consistent with high transpositional activity of Pack-CACTA1a in epiRILs during 66 inbreeding as well as somatic excision in tissues of individual plants. 67
Unexpectedly, in some plants of epi26 locus 4 (epi26_4) (Supplementary Figure 3F) we found a 264-68 bp fragment of the CACTA1a 5' sequence flanked by 3 bp of TDS ( Figure 2C and Supplementary Data 69 3). Ten epi26 plants with a Pack-CACTA1a insertion at this locus contained either the entire Pack-70 CACTA1a or its deletion derivative (Supplementary Figure 3F ). Therefore, it is most probable that the 71 deletion resulted from aberrant excision of a full copy from this location. Importantly, we did not 72 detect somatic "reversions" to a wild type-like locus in plants homozygous for the deleted version of 73 Pack-CACTA1a. The fragmented element was apparently immobilized at this new location ( Figure  74 2C). 75
To investigate the frequency and features of aberrant excisions of Pack-CACTA1a, we examined a 76 further 64 sibling plants each of epiRILs epi26 and epi46, searching for additional deletion events at 77 five loci at which complete insertions of Pack-CACTA1a were previously found. To this end, we used 78 locus-specific primers that flanked each of the putative Pack-CACTA1a target sites (Supplementary 79 Figure 3C ). Six independent deletion events were detected in 640 PCR reactions, two in epi26 and 80 four in epi46 ( Figures 2D, Supplementary Figure 4 ). Therefore, generation of deletion derivatives of 81 this transposon appear to be quite common: in approximately 5% of plants or in 1% of loci 82 previously targeted by Pack-CACTA1a, and at least some of these are transgenerationally 83 transmitted ( Figure 2D and Supplementary Figure 4C ) 84
In the case of transposon insertion in an active gene, TIR deletion could stably alter expression of the 85 gene and/or alter the structure of its transcript. Indeed, in one case we detected a novel hybrid 86 mRNA initiated within a promoter residing in the remaining part of Pack-CACTA1a, the second exon 87 of the Pack-CACTA1a "passenger gene" was fused with the exon of a downstream chromosomal 88 gene (Figure 3 left panels and Supplementary Data 3). In a second case, the 3' part of the transposon 89 was inserted in a gene exon; thus, its sequence formed part of the mature gene transcript (Figure 3  90 right panels and Supplementary Data 4). 91
The sequences of remaining fragments of the transposon showed that deletions occurred at 92 approximately equal frequencies at the 3' (3 deletions) and 5' terminals (4 deletions) ( Figure 2C a "hybrid" Pack-CACTA encompassing chromosomal DNA within the respective 5' and 3' terminals of 98 the former transposons would be generated ( Figure 4A ). To examine whether Pack-CACTA1a 99 integrates frequently at closely linked chromosomal locations, we designed a PCR-based screen to 100 recover chromosomal DNA stretches residing between putative neighbouring new inserts of Pack-101 CACTA1a ( Figure 4B ). Obviously, this approach can only detect insertions separated by relatively 102 short stretches of chromosomal DNA. Therefore, it was surprising that numerous amplifications of 103 chromosomal DNA fragments were observed in the 128 DNA samples of epi26 and epi46 used 104 previously for the Pack-CACTA1a deletion screen ( Figure 4C and Supplementary Figure 5 Figure 6 ). Importantly, most neighbouring Pack-CACTA1a insertions were 114 separated by genic sequences (21 out of 28, Supplementary Figure 6 ); in one case three Pack-115 CACTA1a insertions were located in one gene ( Figure 4D ). 116
Obvious extrapolations from the observed properties of active Pack-CACTA1a provide crucial clues 117 as to the mechanism by which Pack-TYPE transposons acquire and relocate stretches of 118 chromosomal DNA ( Figure 4A ). However, detection of a newly formed, transpositionally active Pack-119 CACTA1a derivative would require the screening of several thousand plants harbouring currently 120 active parental elements. 121
As an alternative, we searched for structural variants of Pack-CACTA1a elements in the newly 122 assembled genome of the Arabidopsis Ler-0 accession and retrieved eight analogous elements 123 ( Supplementary Figure 7 and Supplementary Table 7 ). Of these, the sequences of three full-length 124 elements and two deletion derivatives were closely related to Pack-CACTA1a of Col-0, with sequence 125 identities of 73 to 90% (Supplementary Table 7 ). The sequences of the remaining three copies of Ler-126 0 Pack-CACTA elements resembled Pack-CACTA1a only in the first 992 bp and the last 325 bp with 127 76% and 72% identities, respectively. Remarkably, the internal 1,181 bp showed no similarity to the 128 "parental" element but contained a 132-bp stretch with 73% identity to the second exon of gene 129 AT3G48620 encoding a putative protein of the outer membrane family (OMP85) ( Figure 4E ). This 130 novel structure of a Ler-0 relative of Pack-CACTA1a suggests that a Pack-CACTA transposon in this 131 Arabidopsis accession could capture and move chromosomal DNA by a mechanism compatible with 132 that we recorded in real time for Pack-CACTA1a transposition in Col-0. CACTA1a elements in vivo, we found that acquisition of chromosomal DNA seems to be tightly linked 159 to the transposition. Pack-CACTA1a transposition has a marked tendency to produce closely spaced 160 repeats in direct orientation. Subsequently, complementary aberrant excisions of the elements 161 within these repeats, leaving behind one of the two TIRs, generate a novel "hybrid" Pack-CACTA that 162 incorporates the chromosomal DNA that separated the two neighbouring insertions ( Figure 4A at least one mate shorter that 36 bp were discarded. The remaining sequences (on average 95% of 211 raw reads) were aligned with bowtie2 (Langmead and Salzberg, 2012) with the -no mixed and -non 212 deterministic option, against the reference TAIR10 Arabidopsis genome (www.arabidopsis.org). 213
Metrics of the sequencing analysis are displayed in Supplementary Table 8 . Genome coverage was 214 calculated for each genome position using genomecov (bedtools v2.26.0) and normalized to the 215 Arabidopsis genome and library size. Arabidopsis genomic regions with a coverage of more than 2.5-216 fold or less than 0.2-fold of the average genome coverage in the Col-0 wild-type control were 217 masked to avoid calling peaks in regions with high copy number or insufficient coverage (e.g. plastids 218 DNA, ribosomal repeats, microsatellites). Peak call was done for each epiRIL mapped bam file in 219 comparison to the Col-0 control condition with macs2 (https://github.com/taoliu/MACS/), setting 220 the fragment size to 75 and extended size to 400 bp, with the options -B, -SPMR and -no model and 221
Columbia-0 as control. The Log based background subtraction was performed with macs2 bdgcmp 222 with "logLR" as model and a P-value threshold of 0.00001. 223
The peak lists obtained from all epiRILs were merged and peaks closer than 5 kb were joined 224 together in a gff file using R (https://www.R-project.org/). Then, HTseq (Anders et al., 2015) was 225 used to count reads at each peak for all conditions analysed and the raw count was normalized to 226 peak length and library size to obtain FPKM values. Fold change (FC) of DNA coverage was calculated 227 for each peak by the ratio between FPKM values in the tested condition and the Col-0 wild-type 228 control. Peaks overlapping TEs (TAIR10 annotation) were further filtered to contain only regions with 229 more than 1.8-fold change difference in at least one epiRIL. 230 Supplementary Table 9 . 250
Detection of TE insertions

RT PCR 251
Total RNA was extracted from 150 mg of fresh leaf tissue or green siliques using the Trizol 252 (Invitrogen) method according to the manufacturer's instructions and resuspended in 50 µl of water. 253
Total RNA (10 µl) was treated with RQ1 DNase (Promega) and reverse transcribed using Superscript 254 II (Invitrogen) following the manufacturer's instructions. RT-PCR was carried out using specific 255 primers designed on exons of the Pack-CACTA1a transposon and the gene target of integration 256 ( Supplementary Table 9 ). 257
BLAST search 258
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